Under Newtonian dynamics, the relative motion of the components of a binary star should follow a Keplerian scaling with separation. Once orientation effects and a distribution of ellipticities are accounted for, dynamical evolution can be modelled to include the effects of Galactic tides and stellar mass perturbers, over the lifetime of the solar neighbourhood. This furnishes a prediction for the relative velocity between the components of a binary and their projected separation. Taking a carefully selected small sample of 81 solar neighbourhood wide binaries from the Hipparcos catalogue, we identify these same stars in the recent Gaia DR2, to test the prediction mentioned using the latest and most accurate astrometry available. The results are consistent with the Newtonian prediction for projected separations below 7000 AU, but inconsistent with it at larger separations, where accelerations are expected to be lower than the critical a 0 = 1.2 × 10 −10 m s −2 value of MONDian gravity. This result challenges Newtonian gravity at low accelerations and shows clearly the appearance of gravitational anomalies of the type usually attributed to dark matter at galactic scales, now at much smaller 
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Introduction
In galactic dynamics, the range of systems over which gravitational anomalies appear in the low acceleration regime extends across vast astronomical scales. Ultra faint dwarf galaxies with scale radii of order a few tens of parsecs show stellar velocity dispersions implying Newtonian mass to light ratios in the hundreds or even thousands (e.g. Ref. 1) . The classical dwarfs have sizes of order of a kpc and mass to light ratios derived from observed stellar kinematics inconsistent with those of naked stellar populations under standard gravity by well over an order of magnitude (e.g. Ref. 2) . This reflects what is observed in spiral galaxies at tens of kpc, where rotation curves (e.g. Ref.
3) again yield dynamics not corresponding to Newtonian dynamics given the empirically determined matter content. The trend has been recently extended to include elliptical galaxies observed out to their external low acceleration regions by Ref. 4 , and even for the case of Galactic globular clusters where velocity dispersion profiles suggest a change away from Newtonian dynamics for low accelerations (e.g. Ref. 5, Ref. 6) .
Empirically, the above gravitational anomalies can be described by MONDian dynamics (Ref. to flatten out at the Tully-Fisher values of V T F = (GM a 0 ) 1/4 for centrifugal equilibrium velocities or corresponding velocity dispersions for pressure supported systems, where M is the total baryonic mass of the system in question. The standard interpretation of these observations is the presence of dominant halos of a yet undetected hypothetical dark matter component surrounding the astrophysical systems being observed.
Wide binary pairs in the solar neighbourhood offer an opportunity to probe dynamics at low accelerations on the smallest astrophysical scales. In principle these can yield crucial restrictions on the structure of gravity at low accelerations and lengths where the presence of dark matter is not expected. For a solar mass binary, at separations of above 3.4 × 10 −2 pc, 7000 AU, accelerations will fall below a 0 under Newtonian expectations. A first attempt in this direction was made by two of us in Ref. 9 where we used the Ref. 10 -henceforth SO11-carefully selected sample of Hipparcos wide binaries. This catalogue includes a full Bayesian model and use of local 5-dimensional phase space density to identify wide binary candidates and rigorously assign a probability that each candidate forms a physical system, rather than being the result of chance associations.
Retaining a sample of binaries from SO11 where contamination was limited to less than 10%, in Ref. 9 results indicated relative velocities for the binary pairs stud-Wide binaries challenging a Newtonian prediction 3 ied above the Newtonian expectations for accelerations below a 0 . This remained true even after accounting for projection effects, ellipticity distributions and disruption and evolution of ionised binaries due to the Galactic tidal field and encounters with field stars and stellar remnants, as modelled by Ref. 11, albeit the relatively large errors in proper motions present in the Hipparcos catalogue.
One of us, in Ref. 12 , explored the problem using a small sample of 60 candidate wide binaries with projected separations between 0.004 and 1.0 pc. That study found that a number of wide binaries are capable of surviving the galactic tides and stellar encounters of the solar neighbourhood dynamical environment, with a small sub-sample of the widest pairs showing kinematics more consistent with MONDian dynamics than Newtonian ones. More recently, theoretical studies by Ref. 13 and Ref. 14 confirmed that Gaia data, in terms of expected number of detected wide binaries and confidence intervals for the relevant proper motions and parallaxes, are sufficient to detect MONDian deviations from Newtonian dynamics in the low acceleration regime probed by these systems, should they be present.
The obvious next step is to reproduce the careful and detailed procedure presented in SO11, but using this time the Gaia DR2 catalogue. This painstaking approach will ultimately furnish a definitive answer regarding the presence of gravitational anomalies at stellar scales in the low acceleration regime, but is currently hampered by our incomplete understanding of the problems still present in the data of the very novel Gaia DR2. For example, only about two thirds of the Hipparcos2 sources have Gaia DR2 counterparts (Ref. 15) . Also, Gaia treats all binaries closer than about 1" (depending on the magnitude difference) as single sources, which may give anomalous parallaxes, and the parallax solutions may be more sensitive to duplicity in certain areas, etc. (see Ref. 16 A1 for some of the known issues.)
A first order sampling of the issue can be more directly probed by taking advantage of the correspondence between the Gaia and the Hipparcos catalogues. One can take the sample selection from the accurate Bayesian analysis of SO11, and the actual astrometric data from the Gaia DR2. Here we present results of such an approach, yielding a small sample of 81 wide binaries from the original SO11 catalogue having a < 10% probability of being chance associations, Gaia DR2 data consistent with the original Hipparcos reported quantities, and consistent parallaxes for both components in the Gaia DR2. Although it is only a reduced sample, the superior quality of the Gaia satellite allows us to infer relative velocities for the binaries in question to a much higher degree of accuracy than what was available to Ref. 9 . Interestingly, our results show a departure from Newtonian predictions as projected separations grow beyond the critical 0.034 pc. Indeed, our new results are consistent with what was reported in Ref. 9 : the mean values of the inferred relative velocities are essentially unchanged, with the error bars showing a dramatic reduction. This effectively rules out the Newtonian prediction of Ref. 11 and provides solid evidence for a gravitational anomaly in the low acceleration regime, this time at stellar scales.
Sample selection
As outlined in the introduction, the sample selection is based on the wide binary catalogue of SO11, which was constructed using a very detailed Bayesian procedure. This identifies and quantifies the probability of each binary pair being an actual physical system, rather than the result of projection effects or chance associations, including also the Tycho-2 and the Tycho double star catalogues (Ref. 17 and Ref. 18) . To that end a 5-dimensional space of spatial positions and proper motions was cross-correlated with a galactic phase-space density library, explicitly excluding the largest known local star clusters, to identify binary candidates as significant local over-densities in phase space. Corrections due to spherical projections effects were also considered, to yield a catalogue of 840 wide binaries with projected separations of between 0.003 and 10 pc and, crucially, a well determined probability of chance association, P ch . Taking only those pairs where this probability satisfies P ch < 10%, reduces the original SO11 sample to 359 wide binaries. This catalogue is also narrowly restricted in spectral type for both primaries and companions of each binary, yielding stars in a narrow range of masses centred on 0.5M ⊙ . This last is important as it allows a clean comparison to the fixed mass binary simulations of Ref. 11, see below. Following the original SO11 terminology, the brightest star in each binary system is termed the primary.
The SO11 search criteria ensure the absence of near neighbours, and result in binary candidates with separations which are always many times smaller than the typical interstellar separations at the location of the binaries in question. Extensive testing with synthetic samples in SO11 guarantees the catalogue includes very few multiple systems with undetected extra companions and is highly complete in the 6 to 100 pc distance range from the Sun.
We now take advantage of the Hipparcos to Gaia DR2 correspondence availability to search for the updated astrometry of the 359 P ch < 10% wide binary SO11 sample in the Gaia DR2. The search returns only 151 pairs where each component of the SO11 binaries appears in the Gaia DR2 with two proper motion parameters and measured parallax. This is not surprising, since only about two thirds of the Hipparcos2 sources have Gaia DR2 counterparts (Ref. 15 ). It is not yet clear why there are so many sources missing. According to the above authors a combination of effects may be present. As each binary is excluded if either component is absent from the DR2, the fraction we obtain is typical. Next, the SO11 catalogue returns a few systems where more than one secondary is identified as the companion to a given primary, and also cases where a single secondary is identified as the companion to more than one primary. We remove all these cases of multiple identifications, bringing the sample down to 131 binaries.
A first test of the reliability with which the Hipparcos binaries have been identified in the Gaia DR2 comes from comparing the proper motion measurements reported in SO11 with the corresponding measurements reported in the Gaia DR2. This is shown in Figures 1 and 2 , where the ranges shown in the axes were chosen so as to display clearly most of our sample; a handful of very discordant systems do not appear in the plots, as they are very far from the identity line shown. It is clear that in most cases, the proper motion values reported by both satellites are in agreement with each other, to within their respective confidence intervals, the Hipparcos error ranges being much larger than the Gaia DR2 ones. Still, we introduce a cut to remove from consideration any binary candidate where for any component the Hipparcos and Gaia DR2 proper motions are more than 3σ from each other. Our final results are not sensitive to this threshold, provided the few discordant misidentified binaries are removed. This cut leaves us with only 117 stellar pairs. Next, as shown in Figure 3 , we check that the Gaia DR2 reported parallax measurements for each of the primaries and companions are not discordant, and remove from the sample any binary where the distances to each component are not within 13% of each other. This exclusion criterion identifies 17 candidates, thus reducing the sample to 100 pairs. Notice that the test shown in Figures 1 and 2 effectively gives us a 10 year baseline which, on top of the robustness in the SO11 catalogue towards multiple systems, where no radial velocities are involved, removes any remaining binary where a third component might be altering proper motions with timescales shorter than 10 years (see Ref. 14) .
Finally, we take advantage of the Gaia radial velocity measurements (when available) and remove any binaries where the radial velocity difference, ∆V r , between both components is larger than 4 km s −1 . The resulting cut is not very sensitive to this velocity threshold, as the removed binary pairs typically have much larger and Fig. 3 . Comparison of the Gaia DR2 reported parallax for the two distinct components of each of the binaries studied. The disagreement of only a handful of cases with the identity line allows to exclude such discordant pairs as part of the expected 10% misidentified binaries in the original SO11 catalogue, or as misidentified stars in going from the Hipparcos catalogue to the Gaia DR2.
Wide binaries challenging a Newtonian prediction 7 discordant ∆V r values, with an average value for those removed of ∆V r = 28 km s −1 . Our final sample comprises 81 binary pairs.
Thus, we have prefered very strict cuts to our final sample which leave us with modest numbers, but guarantee the exclusion of misidentified stars in going from Hipparcos data to Gaia DR2 and chance alignment contamination in the original SO11 catalogue, all of which become conspicuous in the comparisons presented in this section. Table 1 summarises the Gaia DR2 properties used and catalogue numbers from both Hipparcos and Gaia for the primaries and companions of all the binaries used, together with the results of the exclusion criteria described.
Gaia wide binary projected kinematic results
In Ref. 9 we calculated the projected separation in the plane of the sky using only the parallax to the primary of each binary, but given the higher quality Gaia DR2 data, we now compute the projected separation between the components of each binary using explicitly the observed Gaia positions and parallaxes to each component of the binary. The average parallax to both components is used to gauge the distance to each pair. Using reported Gaia proper motions, the relative velocity difference in one dimension is calculated for each binary twice, once considering only right ascension proper motions, and once considering only declination proper motions. In all cases the relative physical motion is calculated including full spherical geometric effects (e.g. Ref. 19) , and not under the more standard small angle approximation. This requires the radial velocity of at least one component, which we have for 71 of our 81 final pairs. For the remaining 10, a V r = 0 was assumed for the effects of the above correction (e.g. SO11). The effects of the above refinement are only relevant for the nearest and widest of pairs, in our sample only a few individual systems, as can be readily checked from the data used and shown in Table 1 . Figure 4 gives the two ∆v 1D measurements for each binary pair in the final sample, with corresponding 1σ error bars. A clear flat upper envelope is evident. In Figure 5 we show the rms. value for the one dimensional velocity differences described above, plotted against projected separations in a binned logarithmic scale, circles and triangles for right ascension and declination data, respectively. The horizontal error bars give the bin sizes, while the vertical ones show the contribution of Gaia reported errors and error propagation, to which a Poisson contribution has been added, and which given the small numbers of binaries in each bin (21, 23, 17, 8 and 12 , from left to right), actually dominates the error budget in most cases. The dashed vertical line appears at 7000 AU, the approximate scale where acceleration is expected to drop below a 0 .
Also shown in Figure 5 are the Newtonian predictions for this same quantity from Ref. 11 , where large collections of 50,000 simulated binaries are modelled for a range of plausible distributions of ellipticities, and followed dynamically under Newtonian expectations within the local Galactic tidal field. These are also subject to the effects of field star and field stellar remnant bombardment for a 10 Gyr period. Finally, the resulting bound and un-bound stellar pairs are projected along a fiducial line of sight to yield a robust prediction for the expected < ∆v trend is apparent, down to the tidal radius of the problem which appears at 1.7 Fig. 5 . The solid curve shows the rms. value for the one dimensional relative velocity between the components of a present day Solar Neighbourhood binary as a function of projected separation, for the Newtonian prediction of Ref. 11. The same quantity for the SO11 wide binary catalogue stars, this time using Gaia DR2 data, is shown by the points with error bars, circles for right ascension data and triangles for declination. A small artificial horizontal offset was introduced on both data sets to avoid having overlapping error bars. The inconsistency of the observed data with the Newtonian prediction is obvious, for separations greater than the 7000 AU at which accelerations are expected to drop below a 0 . This threshold is indicated by the dashed vertical line.
Wide binaries challenging a Newtonian prediction 9 pc. Beyond this point, ionised binaries continue to move along practically common Galactic orbits, with relative velocities which show a mild enhancement which then levels off at close to 0.1 km s −1 . It is clear that to the left of the a 0 dashed line, our results are consistent within confidence intervals with the Newtonian expectations. However, going to separations larger than 7000AU, the observed points stop following the expected trend and actually level off at a ∆v amplitude close to the values seen at the a 0 point, reproducing qualitatively the phenomenology seen in galactic rotation curves.
This result for the binary sample presented is extremely challenging to a Newtonian point of view, where the relative velocities are expected to be much lower than observed. Given the construction of the SO11 sample, binaries with small velocity differences would appear as stronger local over-densities in phase space, and hence, selection criteria, if anything, are biased against binaries with large velocity differences, not small ones. Thus, from a Newtonian point of view, bound binaries with separations smaller that the tidal radius of 1.7 pc and larger than 7000 AU are unexpectedly missing. Also, as already mentioned in Ref. 20 , a population of nonchance associated binaries appears at scales above 7000AU having relative velocities over an order of magnitude above bound expectations, with relative velocities of ∼ 1 km s −1 and separations of a few pc; the dynamical ages of un-bound systems are of only a few 10 6 years. What sustains and replenishes these populations under a Newtonian framework? At separations below the 1.7 pc tidal radius of the problem, bound binaries should appear, under a Newtonian framework.
Furthermore, the results shown in figure 5 confirm what was presented in Ref. 9 , though the much coarser Hipparcos data of that first study yielded significantly larger error bars. That those first results might have been the result of missed biases or simply the error structure of the Hipparcos data now appears very unlikely, as we see two consistent results coming from data obtained by two completely independent satellites. Indeed, the error bars have significantly shrunk, with central results changing little. Note also that the two ∆v 1D estimates we obtain, using only right ascension or only declination data, are consistent with each other.
A potential caveat on the interpretation presented comes from the possible presence of a population of misidentified binaries being actually parts of loose, dissolving moving groups. Ref. 20 recently showed that although isolated wide binaries dominate, a search algorithm of the type used in SO11 could also pick up a fraction of misidentified binaries being part of larger moving groups, many of the smallest of which probably remain undiscovered. A full answer and validation or otherwise of our results, necessarily awaits a much more extensive study through the full Gaia catalogue, and a more complete exploration and understanding of the phase-space structure and over-densities of the Solar Neighbourhood and local Milky Way disk environment.
Although the gravitational anomaly detected appears on crossing the a 0 threshold of MOND, in MOND as such, the results are equally unexpected as the external field effect of MOND (or AQUAL e.g. Ref. 8 should dominate. Given that the or-bital acceleration of the solar neighbourhood is higher than the internal acceleration of the binaries in question, in MOND as such, only a very modest enhancement of the effective value of G would be expected (e.
Final remarks
We have presented a sample of 81 wide binaries which were very carefully selected against chance associations or projection effects through the cross correlation of the Hipparcos, Tycho-2 and the Tycho double star catalogues, amongst others, with the detailed 5-dimensional phase space structure of the solar neighbourhood by SO11. By taking advantage of the cross-identification of the Hipparcos catalogue and the Gaia DR2 data, we updated the parallax and proper motion observations of SO11 to use exclusively Gaia DR2 astrometry.
These binaries were then compared to Newtonian predictions for the expected one dimensional rms. relative velocity between the components of each binary and their projected separations, including modeling orientation effects, a number of plausible distributions of ellipticities and, crucially, the effects of Galactic tides and stellar and stellar remnant perturbers over a 10 Gyr period, by Jiang & Tremaine (2010) .
For separations below 7000 AU, where accelerations are expected to be above the a 0 = 1.2 × 10 −10 m s −2 of MOND, we find the data to be consistent with the Newtonian predictions. For projected separations above 7000 AU, however, the data are inconsistent with Newtonian predictions. This challenges the validity of Newtonian dynamics at the low acceleration regime, and shows the existence of gravitational anomalies of the type generally attributed to the presence of a hypothetical and dominant dark matter component, this time down to the relatively tiny sub-parsec stellar scales.
Wide binaries challenging a Newtonian prediction 11 Table 1 : Hipparcos and Gaia identification numbers for the 133 binary stars used, together with Gaia DR2 data and results of the exclusion tests performed: (a) shows an individual star excluded (which results in the exclusion of the respective binary) for having an inconsistent proper motion in right ascension between Hipparcos and the DR2, (b) the corresponding result for declination, (c) shows a binary excluded for having discordant parallaxes to both components (distance differences larger than 13 %) in the DR2 data, and (d) gives binaries removed for having DR2 radial velocity differences > 4 km s −1 , with the 81 retained binaries appearing blank in this column. Upper rows give data of primaries and lower ones of secondaries.
